Complete nucleotide sequences of the DNA-A-like molecules of three East African cassava mosaic virus (EACMV) isolates from Kenya (-K, 2801 nt) and Malawi (-MH and -MK, both 2804 nt) were determined. These sequences were compared with that published for a Tanzanian isolate (-T, 2801 nt) and the partial sequence of a third Malawian isolate. Intergenic region sequences of all isolates, and deduced amino acid sequences of their AC1 (Rep) proteins, each formed a tightly related cluster that was distinct from the comparable components of other begomoviruses. Other complementary-sense genes (AC2, AC3, AC4) differed between EACMV isolates in a way consistent with the accumulation of point mutations. In contrast, virus-sense genes (CP, AV2) of isolates -MH and -MK differed (substantially for AV2) from those of other EACMV isolates but somewhat resembled those of tomato yellow leaf curl virus -Israel, suggesting they had been acquired by recombination with an unidentified begomovirus.
East African cassava mosaic virus (EACMV), African cassava mosaic virus (ACMV) and Indian cassava mosaic virus (ICMV) are the three whitefly-transmitted geminiviruses (genus Begomovirus) known to be associated with cassava mosaic disease in Africa and the Indian subcontinent. They are distinguished by the nucleotide sequences of their genomic DNA molecules (Stanley & Gay, 1983 ; Hong et al., 1993 ; Zhou et al., 1997) and by their reactions with a panel of monoclonal antibodies (Harrison & Robinson, 1988 ; Swanson & Harrison, 1994) . EACMV occurs in Kenya, Madagascar, Malawi, Tanzania and Zimbabwe (Swanson & Harrison, 1994) and probably also in Zambia (Ogbe et al., 1997) Fax j44 1382 562426. e-mail djrobi!scri.sari.ac.uk
The EMBL accession numbers of the sequences reported in this paper are AJ006458-AJ006460. results). In addition, a recombinant virus (UgV), the DNA-A of which consists of a large part of the coat protein gene of ACMV inserted in an otherwise EACMV-like sequence, was discovered infecting cassava in Uganda (Zhou et al., 1997) . Recombination has apparently also played an important part in the evolution of the begomoviruses causing the current epidemic of cotton leaf curl disease in Pakistan (Zhou et al., 1998) . In this paper, we report the results of work designed to explore the extent and nature of variation in DNA-A among EACMV isolates from widely separated locations in Kenya, Malawi and Tanzania, and we describe evidence that two isolates are recombinants.
The virus isolates compared in most detail were : EACMV-K2B, from Msabaha, coastal Kenya (l EACMV-K ; Zhou et al., 1997) EACMV-MalH, from Chitedze, Malawi (l EACMV-MH) EACMV-MalK, from Chitedze, Malawi (l EACMV-MK) EACMV-Dar6, from Dar es Salaam, Tanzania (l EACMV-T ; Zhou et al., 1997) EACMV-YG, from Rumphi, Malawi (Hong et al., 1993) ACMV-K, from Western Kenya (Stanley & Gay, 1983) Tomato yellow leaf curl virus -Israel ( l TYLCV-Is ; Navot et al., 1991) UgV-C39, from Otuboi, Uganda (Zhou et al., 1997) Infected cassava plants were grown in a containment glasshouse under licence from the Scottish Office Agriculture, Environment and Fisheries Department. Viral DNA was extracted, amplified by PCR and cloned as described previously (Zhou et al., 1997) . The complete sequences of molecules equivalent to DNA-A were determined for EACMV-K, EACMV-MH and EACMV-MK by the procedures of Zhou et al. (1997) except that two additional primers were used for the two Malawi isolates [positions in the complete nucleotide sequence are numbered from the origin of replication (ori ; Laufs et al., 1995) ] : MAL-L3\F 5h TACGCATGCCTCTAATCCAG 3h (nt 1038-1057) MAL-L1\R 5h TTCCGCCACAACCTTATGTA 3h (complementary to nt 2024-2005) Each viral DNA-A was covered by three clones, with overlaps of 108, 63 and 51 nt at the three junctions. In every instance the overlapping sequences were identical. Each nucleotide was determined at least twice. The three complete sequences (EACMV-K, 2801 nt ; EACMV-MH, 2804 nt ; EACMV-MK, 2804 nt) were compared with the partial sequence of EACMV-YG (Hong et al., 1993 ; AJ006461) , and the published sequences of DNA-A of EACMV-T (2801 nt ; Z83256), UgV-C39 (2799 nt ; Z83257), ACMV-K (2779 nt ; J02057) and TYLCV-Is (2787 nt ; X15656). In length and percentage sequence identity (Table 1 a), the EACMV sequences were of two types : (1) EACMV-T and EACMV-K, and (2) EACMV-MH and EACMV-MK, with 94-98 % sequence identity within a type but only 86-87 % between types. UgV-C39 was more like the first type [91-92 %, rising to 96 % when its recombinant coat protein (CP) gene was excluded from the calculation] than the second type (86 %). All the EACMV isolates are almost equally different from ACMV-K (68-70 % sequence identity ; Table 1 a), the extent of the difference being typical of that between different begomovirus species. The difference in length of the DNA-A sequences of the two types of EACMV is attributable to an in-frame insertion\deletion of 3 nt in the CP gene, and the smaller size of the UgV-C39 sequence is accounted for by a deletion of 2 nt in the intergenic region.
Comparisons of sequences of the intergenic region of begomoviruses probably give the most sensitive indication of the extent of viral similarities and differences (Padidam et al., 1995) . EACMV isolates of types 1 and 2 have intergenic regions of the same length (330 nt) and that of UgV-C39 differs only slightly (328 nt) by lacking the two residues equivalent to nt 197 and 198 in the other sequences. In contrast, the intergenic region of EACMV-YG contains only 317 nt, and that of ACMV-K contains 308 nt. The percentage sequence identities among the intergenic regions of these isolates follow a similar pattern to those for the complete DNA-A sequences but are mostly lower, with EACMV-YG differing from EACMV isolates of types 1 and 2 to a greater extent than they differ from one another (Table 1 a). ACMV-K differs greatly (only 52-57 % identity) from all the other isolates.
All the intergenic region sequences contain various features characteristic of begomoviruses : a putative stem-loop structure, with the nonanucleotide TAATATTAC in the loop ; a TATA motif at nt 67-70 of the intergenic sequence of types 1 and 2 isolates ; and repeated sequences to the 5h side of the TATA motif (Argu$ ello- Astorga et al., 1994) . These repeats are GGGGRCA for EACMV types 1 and 2 isolates but AAT-TGGAGACA for EACMV-YG. Interestingly, the EACMV-YG repeat is the same as that in ACMV-K and cotton leaf curl virus -Pakistan (CLCuV-PK) type 802a, and the GGGGRCA repeat is also found in CLCuV-PK type 26 (Zhou et al., 1998) . Evidently these motifs recur in somewhat distantly related viruses, although they can differ in closely related ones (Zhou et al., 1998) . These similarities with ACMV-K and CLCuV-PK extend only a little or not at all to the sequences surrounding the repeats. The relationships between the intergenic regions of these and some other begomoviruses are shown in a phylogenetic tree (Fig. 1 a) . All the EACMV isolates form a tight cluster which is well separated from ACMV-K and from two tomato begomoviruses from the Mediterranean region. In this analysis, TLCV-Au is used as an outgroup but other begomoviruses were omitted because the many nucleotide differences in their intergenic regions made sequence alignments highly arbitrary. Fig. 1 (b) shows a comparable phylogenetic tree based on deduced sequences of AC1 proteins (replication-associated protein, Rep), but including a wider range of geminiviruses. Again the EACMV isolates form a tight cluster which is well separated from other begomoviruses from the Eastern Hemisphere and is even more distant from viruses from the Western Hemisphere (bean golden mosaic virus, tomato golden mosaic virus).
Previous analyses (Hong & Harrison, 1995) showed that a phylogenetic tree of the CPs of begomoviruses had three main branches, corresponding to the geographical region of occurrence of the viruses : America, the African-Mediterranean area or Asia. EACMV isolates all are included in the African-Mediterranean branch but they are distributed between two sub-branches in such a way that type 2 isolates are closer to the begomoviruses from tomato than to type 1 isolates (Fig. 1 c) . CPs of EACMV isolates within a type had 98-99 % amino acid sequence identity whereas isolates of different types had 87-88 % identity. The CP sequence identity of EACMV-MH to TYLCV-Is was 90 %.
Comparable relationships for the AV2 protein showed an even more marked separation of the EACMV isolates into the two clusters distinguished on the basis of CP sequences (Fig.  1 d) . The AV2 proteins of EACMV-MH and EACMV-MK were much more like that of TYLCV-Is (87 % sequence identity) than those of EACMV type 1 isolates (only 61-63 % ; Table  1 b) .
Because of the differences in the CP sequences, and especially the AV2 protein sequences, between the two types of EACMV, their inclusion in the same viral species needs to be justified. We consider that it is warranted by the similarities of their deduced Rep (94-98 % sequence identity), AC2 (89-99 %), AC3 (90-96 %) and AC4 (87-95 %) proteins, and by the grouping of their intergenic region sequences in a tight cluster well separated from other viruses. Furthermore, isolates of both types have epitope profiles typical of EACMV (Swanson & Harrison, 1994) when tested against a standard panel of geminivirus monoclonal antibodies that differentiated EACMV from all but one (TYLCV-Senegal) of 40 other begomoviruses (results not shown).
Comparison of deduced sequences of the AC2, AC3 and AC4 proteins gives sequence identities of 87-92 % between any two of the EACMV isolates except that the figures for comparison of EACMV-MH and EACMV-MK are 95-99 %. Inspection of the nucleotide sequences of the AC2 and AC3 genes showed that substitutions are scattered along them, and that several do not change the amino acid encoded. This pattern of variation is therefore typical of that produced as the result of the accumulation of point mutations in different populations of a virus by genetic drift.
In contrast, comparison of the AV2 plus CP sequences indicates that their genes must have different evolutionary origins in the two types of EACMV. The possibility that the difference is an artifact caused by clones having been derived from DNA-A of two different begomoviruses coinfecting any of the source plants of the EACMV isolates seems remote. The clone containing the AV2 and CP genes of each virus had overlaps of 51 and 108 nt with the adjacent clones, and the overlaps had identical sequences. Moreover, the clone containing the AV2 and CP genes extended into the AC1 and AC3 genes, revealing only trivial differences between the two types of EACMV in these regions. Thus the main difference between the two types of EACMV is in their AV2 and, to a lesser extent, their CP genes. We therefore consider a much more plausible explanation for this difference is that, in one type of EACMV, the AV2 and CP genes were acquired by recombination between an original form of EACMV and another begomovirus. A comparable situation, in which virus-sense genes apparently can have a different evolutionary origin from complementary-sense genes, and ori seems to be a recombination hot spot, occurs among begomoviruses infecting cotton and okra in Pakistan (Zhou et al., 1998) . If the same is true for EACMV, the extent of the sequence dissimilarity between type 1 and type 2 isolates in the intergenic region would be expected to be different on either side of ori. Inspection of the intergenic region sequences shows that, to the 5h side of ori, coordinated differences between EACMV-MH and -MK on the one hand and EACMV-K, -T and -YG on the other hand occur at only 3 positions (out of 158). However, on the 3h side of ori, usually a more conserved region, coordinated differences occur at 13 positions out of 172. Our analysis therefore suggests that recombination has played a key role in the divergence of the two types of EACMV and that ori may be a recombination point.
Evidence on this matter was also sought by comparing all parts of the EACMV-MK and EACMV-K DNA-A sequences, with the aid of a PLOTSIMILARITY diagram (Fig. 2) . When interpreting such plots, it must be remembered that some parts of begomovirus DNA-A are much more prone to mutation than others which, in contrast, may be conserved in distinct begomovirus species. In Fig. 2 , three zones of dissimilarity, in which similarity values drop below 0n7, can be seen. These are not found by comparing EACMV-MK with EACMV-MH (at least 0n9 throughout) or EACMV-K with EACMV-T [ 0n8 throughout except for part of the 5h half of the intergenic region ( 0n7)]. The three zones of dissimilarity are located in (1) the AV2 gene (about nt 200-350), (2) the overlapping parts of the AV2 and CP genes, extending into the CP gene (nt 425-650), and (3) part of the 3h half of the CP gene (nt 750-1000). A subsidiary zone of dissimilarity lies a little to the 3h side of ori (nt 20-100). These four zones are separated by relatively similar sequences which mostly tend to be conserved in different begomovirus species. This interpretation of Fig. 2 is therefore entirely compatible with our suggestion that a progenitor of either type 1 or type 2 EACMV isolates had acquired from another begomovirus a sequence stretching from near nt 1 to a point within the range of nt 1050-1150.
In addition to the four zones discussed above, a fifth zone of difference between EACMV-MK and EACMV-K was detected at about nt 1920-2000 (Fig. 2) . This zone also occurred when EACMV-K was compared with EACMV-MH, or EACMV-T with EACMV-MH or EACMV-MK. We have no further evidence on the origin of this difference.
In studies on the recombinant begomovirus UgV, its parents (EACMV and ACMV) could be identified with confidence (Zhou et al., 1997) . Our present results show that UgV is more closely related to type 1 than to type 2 isolates of EACMV, indicating that its EACMV parent was probably a type 1 isolate. In the two types of EACMV, the respective origins of the sequence to the 3h side of ori are less clear. Those found in type 1 occur in isolates from Kenya, Malawi and Tanzania (and for the AV2 gene, Uganda). These sequences differ considerably from those in the comparable region of other begomoviruses for which data are available, which may either indicate the distinctiveness of EACMV or simply reflect the lack of sequence data for its closest relatives. In contrast, the sequences of EACMV-MH and -MK to the 3h side of ori have obvious affinities with that of TYLCV-Is. However, TYLCV-Is is unlikely itself to have been the source of these sequences because its CP gene (usually the most strongly conserved part of the begomovirus genome) is not similar enough to the CP genes of EACMV-MH and -MK. Moreover, the TYLCV-Is intergenic region sequence to the 3h side of ori is unlike the comparable sequences of EACMV-MH and -MK. Our data are therefore compatible with the view that an EACMV type 1 isolate is the older form, and that type 2 isolates have been derived by recombination with a begomovirus that has affinities to TYLCV-Is ; however, other possibilities are not ruled out.
